Summary. Diapausing mouse blastocysts were cultured in vitro with inhibitors of polyamine synthesis and/or the polyamines, putrescine, spermidine and/or spermine. Attachment of blastocysts to the culture dish, the onset of trophoblastic outgrowth and the extent of outgrowth were retarded by methylornithine (10 mM) or methylglyoxal bi s\ x=req-\ (guanylhydrazone) (50 or 200 \g=m\M) and apparently blocked by a combination of these inhibitors. The embryos appeared to make no progress towards activation in the presence of both inhibitors but became active and grew normally when transferred to inhibitor-free medium. The inhibition of growth was also reversed when polyamines (10\m=-\5 m) were supplied in the medium along with the inhibitors (P < 0\m=.\01). These results suggest that polyamine synthesis is required for activation, growth and development of diapausing blastocysts in vitro.
Introduction
Blastocysts enter a state of apparent quiescence, termed diapause, in which they fail to attach to the uterus, when mated mice are ovariectomized 1| = days before implantation would have occurred (McLaren, 1973; Sherman & Wudl, 1976) . These embryos appear to become metabolically active, attach to the culture dish and continue to grow when they are cultured in medium containing essential amino acids, glucose and fetal calf serum (Gwatkin, 1966; McLaren, 1973; Spindle & Pedersen, 1973; Sherman & Wudl, 1976; Van Blerkom, Chavez & Bell, 1979; Naeslund, 1979) . In contrast, activation in vitro apparently does not occur when the medium contains a low (55 mM) concentration of Na+, possibly because accumulation of essential amino acids is depressed in blastocysts cultured in such conditions (Van Winkle, 1977 , 1981a . Low Na+ may also help to produce apparent diapause by limiting the activity of ornithine decarboxylase. Sodium is required for stimulation of ornithine decarboxylase activity in neuroblastoma cells (Viceps-Madore, Chen, Tsou & Canellakis, 1982 ). An increase in ornithine decarboxylase activity may accompany activation and growth of blastocysts because this enzyme controls production of polyamines which are required for DNA, and possibly RNA and protein, synthesis and thus for cell proliferation in other systems (Heby, 1981) .
Ornithine decarboxylase catalyses the conversion of ornithine to putrescine (Text- fig. 1 ) (Williams-Ashman & Canellakis, 1979; Heby, 1981) . Another rate-controlling enzyme in polyamine synthesis, S-adenosylmethionine decarboxylase, catalyses the decarboxylation of Sadenosylmethionine (Heby, 1981) . Decarboxylated S-adenosylmethionine reacts with putrescine to produce spermidine and with spermidine to generate spermine (Text- fig. 1 ). Inhibitors of these two rate-controlling enzymes in polyamine synthesis have been helpful in demonstrating that the polyamines, putrescine, spermidine and spermine, are required universally for cell proliferation (Heby, 1981) . Diapausing blastocysts may have naturally low concentrations of polyamines because their cells are arrested in G, of the cell cycle (Sherman & Barlow, 1972) and several types of cells are arrested in G, when cultured in vitro in the presence of inhibitors of polyamine synthesis (Sunkara & Rao, 1981; Seidenfeld, Gray & Marton, 1981 The purpose of this study was to examine the effects of the ornithine decarboxylase inhibitor, methylornithine, and the S-adenosylmethionine decarboxylase inhibitor, methylglyoxal bis-(guanylhydrazone) (MGBG), on growth of diapausing blastocysts cultured in vitro. We also determined whether an exogenous supply of polyamines was beneficial to embryos incubated with inhibitors of polyamine synthesis.
Materials and Methods
Swiss, ICR mice (Harlan, Sprague-Dawley, Inc.), which had been induced to ovulate and mate, were subsequently ovariectomized before 12:00 h on the 4th day post coitum (p.c.) as previously described (Fowler & Edwards, 1957; Van Winkle, 1977 (Gibco, Grand Island, N.Y.) supplemented with 100 U penicillin G/ml and 50 pg streptomycin sulphate/ml (MEM) as described previously (Van Winkle, 1977 , 1981a . The medium also contained 10% fetal calf serum (FCS; Gibco) or 10% dialysed FCS (Gibco). Groups of 10-35 embryos were washed then cultured in the depression of a Maximov slide containing 1-2 ml fresh medium (Van Winkle, 1981a, b; Van Winkle & Campione, 1982) . In some cases, the medium also contained methylornithine (Calbiochem, San (Woolf, 1968 (Woolf, 1968) . The mean diameters of outgrowths that formed after various treatments were compared by analysis of variance coupled with a multiple range test (Kramer, 1956; Woolf, 1968) . Inhibition of the onset of trophoblastic outgrowth by methylornithine plus MGBG was partly reversed by putrescine, spermidine and spermine ( -5 M each) but these concentrations of polyamines were also apparently toxic, as evidenced by collapse of some blastocysts which did not attach to the culture dish or grow (Table 2) . Polyamines were less toxic to blastocysts when the medium contained dialysed FCS (Table 3) instead of FCS (Table 2) , however, 10~4 M-polyamines were toxic in dialysed FCS regardless of the presence of inhibitors of polyamine synthesis (data not shown). We were therefore unable to determine whether inhibition of growth by MGBG plus methylornithine could be completely reversed by supplying higher concentrations of exogenous polyamines in the culture medium. Similarly, spermine and spermidine (10~5 m) partly reversed (Table 5 ). Putrescine also stimulated the onset of outgrowth by blastocysts in the absence of methylornithine. However, while putrescine increased the size of trophoblastic outgrowths that formed in the presence of methylornithine (Table 5) , it had no statistically significant effect on the size of outgrowths in the absence of methylornithine (data not shown). (Byrd, Jacobs & Amoss, 1977 ;  Allen, Smith, Hussain, Thomas & Gaugas, 1979; Bachrach, Menashe, Faber, Desser & Seiler, 1981) , are most likely responsible for the demise of these embryos. Like lymphocytes (Bachrach et al., 1981) , the cells of the blastocyst appear to be particularly susceptible to the inhibitory and/or toxic effects of oxidized polyamines. Spermine and spermidine were less toxic when MGBG was in the medium (Table 2) probably because MGBG is also an inhibitor of polyamine oxidase (Heby, 1981) . In addition, inhibition of polyamine oxidation by MGBG probably helped prevent destruction of polyamines before they could be taken up by embryonic cells. Alexandre (1979) observed that 50 pM-spermine and spermidine are toxic to cleavage-stage embryos in medium containing bovine serum albumin, and commercially available preparations of this protein are contaminated with polyamine oxidase (Tabor & Tabor, 1972) .
Polyamines were able to partly overcome inhibition of growth by MGBG (Table 4 ), suggesting that this inhibitor slows development by decreasing polyamine content and/or synthesis in mouse blastocysts. Moreover, methylornithine appears to have a primary effect on polyamine synthesis in diapausing blastocysts since putrescine (10~3m) completely reversed the inhibitory effects of methylornithine on these embryos (Table 5 ). While putrescine stimulated the onset of trophoblastic outgrowth in the absence of methylornithine, this amine stimulated the production of larger outgrowths only in the presence of methylornithine. These results suggest that methylornithine inhibits growth of diapausing blastocysts by interrupting polyamine synthesis.
The results of this study indicate that polyamine synthesis may be an integral part of the activation process of diapausing blastocysts, which leads to attachment of the embryos to the culture dish and trophoblastic outgrowth in vitro. A combination of inhibitors known to slow polyamine synthesis in other systems (Heby, 1981) completely prevented the onset of trophoblastic outgrowth by diapausing embryos (Table 1) . Furthermore, blastocysts, removed from medium containing these inhibitors and cultured in fresh medium, formed outgrowths at about the same time as would have been expected had they just been obtained from the uterus (Text-fig. 2 ). This result suggests that at least some aspect of metabolism, required before attachment and outgrowth can occur, has not taken place in the presence of the inhibitors of polyamine synthesis. Further studies are planned (a) to determine which aspects of metabolism are affected by inhibitors of polyamine synthesis (e.g. DNA, RNA and/or protein synthesis) and (b) to try to verify the hypothesis that polyamines are needed for activation and growth of diapausing blastocysts, by measuring changes in polyamine levels in these embryos after activation in utero with steroid hormones or after in-vitro incubation in the absence or presence of methylornithine and MGBG.
